Abstract
INTRODUCTION
The term 'aortic valve sparing operation' was introduced by David in a study that described a new surgical procedure for the reconstruction of the aortic root with preservation of the native aortic valve in patients with aortic root aneurysm [1] . In the last 2 decades, this method, popularly known as the 'David procedure', has been widely employed with excellent long-term results [2, 3] . The indications for valve-sparing aortic root replacement have been expanded from simple root dilation to complex pathologies of the aortic cusps (which require cusp repair using various techniques). Cusp plication and resuspension have been reported to be efficient and durable for the correction of prolapse in trileaflet aortic valves with or without reimplantation [4] . Moreover, the inclusion of central cusp plication to the remodelling technique improved freedom from recurrent aortic regurgitation (AR) in the patients with preoperative-dilated aortoventricular junction [5] . For the past 15 years, we have consistently been performing valve-sparing aortic root replacement using the reimplantation technique with frequent use of the cusp repair techniques in cases of concomitant cusp prolapse. In this study, we have reviewed some of those patients and determined the durability of the cusp repair techniques used for the reimplantation procedure.
MATERIALS AND METHODS

Study population
From January 2000 to December 2015, 249 valve-sparing aortic root replacements were performed by our group using the reimplantation technique; 188 were performed at Kobe University Hospital and the remaining 61 were performed at Kobe University affiliated hospitals or other institutions by a single surgeon (Y.O.). Patient's age ranged from 6 to 81 years (mean, 49 ± 17 years) and 194 (78%) of them were males. Acute aortic dissection was observed in 24 (10%) patients, whereas 53 (21%) patients had connective tissue disorders. Preoperative AR ranged from none to severe with 191 (77%) patients presenting with moderate or greater AR. Cusp prolapse was defined by preoperative transoesophageal echocardiography diagnosis, which was corroborated with intraoperative findings. Those patients who had been preoperatively diagnosed with cusp prolapse by transesophageal echocardiography (TEE) but were revealed to have another aetiology based on intraoperative findings were not included in patients with cusp prolapse. The backgrounds of the patients in this study are summarized in Table 1 . AR was the primary indication for surgery in patients with a root <55 mm (81%). The mean root size in those patients was 44 6 6 mm; the minimum size was 31 mm. We believe that reimplantion is the best procedure for stabilizing the aortic annulus; therefore, patients with pure AR without severe cusp degeneration (calcification and restriction) were candidates for reimplantation even if the aortic root was not dilated. Our criteria for performing reimplantation for AR were as follows: patients younger than 60 years and aortic insufficiency (AI) without severe cusp degeneration; root size was not a compulsory criterion, but its indication depended on patients' condition and preference.
Echocardiography and follow-up
Postoperative echocardiography was performed within 1 month, and subsequently, once a year after discharge for follow-up assessment of clinical outcomes and echocardiographic measurements. In instances where this was not possible for geographic reasons, echocardiographic examinations conducted by the cardiologists were analysed. The most recent data relating to recurrent or residual AR and its grade severity were used as study end points. In patients with moderate AR or greater during the follow-up period, data collected when AR of this level was first detected were adopted as the follow-up data. Patients who underwent reoperation for recurrent AR were counted as 'recurrent AR'. Following American Society of Echocardiography recommendations integrating qualitative and semi-quantitative assessments, valve insufficiency was graded as none or trivial, mild, moderate and severe [6] . Follow-up was closed in March 2016 (mean interval, 56 ± 44 months) and a follow-up rate of 95.1% was noted. The definition of lost to follow-up provided no new information regarding survival and valve competency during the latest follow-up (2014/3-2016/3) except for those patients who had events with specific reasons (reoperation, death, etc.) before this period.
The study protocol was reviewed and approved by the institutional review board and additional informed consent was waived.
Surgical approach
All 249 patients underwent aortic root reconstruction with a reimplantation technique, via a median sternotomy. The setting of the cardiopulmonary bypass and details of the techniques involved in root reimplantation have been described in our previous reports [7, 8] . During the early phase of this study, patients received grafts with diameters 3-4 mm larger than that of the aortoventricular junction (AVJ). Recently, the height of the commissure was adopted as the size of the graft, which was approximately equal to the height of the sinus portion of the graft, as reported by de Kerchove and colleagues [4] . Implanted graft size was 24 mm in 16 (6%), 26 mm in 116 (47%), 28 mm in 81 (33%), 30 mm in 31 (12%) and 32 mm in 5 (2%) patients.
In our study population, the mean diameter of the AVJ was 25.7 ± 3.0 mm, which is smaller than that previously reported. This was related to the anatomical characteristics of the Japanese population and was the reason for the frequent use of small (24 and 26 mm) grafts. We used tube graft for the first 10 patients and thereafter we used a hand-made Valsalva graft (n = 10) and a commercially available Valsalva graft (n = 218). Furthermore, we used 12 stiches without pledgets for the proximal suture line, and for better cusp coaptation, meticulous attention was paid to the positional relationship of the commissures. The second row of 5-0 polypropylene continuous sutures was placed, starting at the bottom of each sinus and sewed in the upward direction towards the top of the commissure in order to create a crescent shape. Concomitant cusp repair was performed in 163 patients (66%). The main indication for concomitant cusp repair was cusp prolapse, which was mainly managed with plication stitches at the node of Arantius. For correction of cusp pathology, cusp configuration is measured intraoperatively using a Schafers' caliper, which could quantitatively identify the gap between the opposing cusps [9] . In other indications, free margin reinforcement was performed with horizontal mattress running sutures to support a large fenestration, thin cusp, or other techniques used for correction of the cusp prolapse. Assessments of valve competency were made intraoperatively using the following modalities: the neosinus was pressurized with cardioplegia over 250 mmHg; if the pressure of the neo-sinus does not rise sufficiently after correction of prolapsed cusp, the leakage of cardioplegic solution indicating residual cusp prolapse or gap below the commissure permit us to diagnose insufficiency of cusp repair. In addition, venting a return of less than 300 ml/min after resuscitation of the heart can ensure no significant AR. Finally, the presence and degree of AR were determined using intraoperative transoesophageal echocardiography, as supervised by an experienced anaesthesiologist or cardiologist. Residual AR was accepted if the grade was less than mild with a central jet. Even if the grade was mild, we repaired the valve with an eccentric jet whenever it could be corrected.
Statistical analysis
The survival, as well as the freedom from greater than mild AR, and from reoperation were calculated using the Kaplan-Meier method; values are expressed as survival rate ± standard error. To evaluate the effect of patients' clinical background on long-term outcomes after aortic root reimplantation, Cox proportional hazards analysis was performed. In multivariate Cox analysis, variables that showed P < 0.1 in univariate analysis were included. All analyses were performed using JMP 9.0.2 for Windows (SAS Institute, Cary, NC, USA).
RESULTS
Three patients died in the hospital (mortality rate, 1.2%). A 43-year-old male who had undergone elective surgery died from an intracranial haemorrhage of unknown origin. Other in-hospital deaths included that of a 26-year-old male who had multi-organ failure after concomitant extensive replacement of the aortic arch and descending aorta, and a 77-year-old male who died after emergent operation for acute type A aortic dissection.
Overall survival was 97% ± 1% and 93% ± 3% at 5 and 8 years postoperatively, respectively. We failed to find any significant predictors for survival.
The freedom from greater than mild AR was 82% ± 3% and 77% ± 4% at 5 and 8 years, respectively (Fig. 1A) . Increasing AR developed in 38 patients. Sixteen (6%) patients required reoperation due to recurrent AR and infection during the follow-up period. At reoperation, the causes of failure were the following: dehiscence of the commissure due to tissue necrosis after use of gelatin-resorcin-formalin glue (n= 3); cusp retraction (n = 4); cusp perforation or rupture of fenestrated fibrous cord (n = 3); patch dehiscence after removal of a calcified raphe (n = 2); infective endocarditis or graft infection (n = 3); and unknown (n = 1) because of reoperation at another institution. Freedom from reoperation was 93% ± 8% and 87% ± 3% at 5 and 8 years, respectively (Fig. 1B) . The remaining 22 patients who developed recurrent AR did not undergo reoperation, and all of them had moderate AR. As shown in Table 2 , Cox multivariate proportional hazard analysis for significant factors of recurrent AR showed preoperative cusp prolapse [hazard ratio (HR), 6.23; P = 0.0003), cusp repair with free margin reinforcement (HR, 0.241; P = 0.0063], cusp repair with patch (HR, 5.24; P = 0.0032. Preoperative cusp prolapse and cusp repair with patch had negative effects on valve durability, whereas cusp repair with free margin reinforcement had a positive effect on valve durability. In the subgroup analysis of patients with preoperative cusp prolapse without acute type A aortic dissection (AAAD) (n = 108), 15 (14%) had no cusp repair, 65 (60%) had central plication alone, 2 (2%) had free margin reinforcement alone, and 26 (24%) had both. The freedom from recurrent AR greater than mild was 72 ± 6% at 5 years and 62 ± 8% at 8 years (Fig. 2) . Cox univariate proportional hazard analyses for recurrent AR showed no impact of central plication (HR; 1.18, P = 0.74), a positive impact of free margin reinforcement (HR; 0.225, P = 0.017), and a negative impact of patch repair (HR; 9.52, P = 0.0008; Table 3 ).
DISCUSSION
Valve sparing aortic root replacement was originally introduced as an operative procedure for aortic root aneurysm with minimal cusp pathology [1] . The most recent report by De Paulis et al. showed the excellent long-term results of the cusp durability with minimal use of cusp repair technique in 6.4% of the patients [10] . For comorbid AR, however, preoperative severe AR has been reported to be a risk factor for recurrent AR [11, 12] ; therefore, expanded indication of the procedure for these patients group is still controversial. Aortic root dilatation and cusp prolapse are the main causes of AR [13] , and we have expanded the indications for the reimplantation with cusp repair technique in these pathologies, even in the presence of severe AR [3] .The percentage of patients with preoperative severe AR (49%) in the present study is higher than those reported in other studies [14, 15] , and 68% (82/120) of them had cusp prolapse, which was defined by preoperative echocardiography findings of an eccentric AR jet and the presence of a fibrous band on the cusps [16] . The principles of repair of AR in these conditions include the stabilization of dilated aortoventricular and sinotubular junctions with a prosthesis, and plication of the free margin of distended, bent, and prolapsed cusp on the nodes of Arantius with or without free margin reinforcement (resuspension).
The durability of cusp repair is a major concern; suture dehiscence could result in recurrent prolapse and progressive degeneration of the valve during cusp manipulation leading to retraction. In the reoperation cases of recurrent AR, 2 of 13 patients had suture dehiscence after patch repair and 3 presented with cusp perforation or rupture of the fenestrated fibrous chord. None of the patients experienced suture dehiscence of the central plication. In the study by David et al., central plication was used in 41% and free margin reinforcement in 23% of the patients; however, there are no reports on the failure of these techniques. The study by El Khoury et al. demonstrated the excellent mid-tem durability of the techniques. Central plication is a part of the coaptation area, which is exposed to lower stresses when compared with the paracommissural zone as shown by finite element analysis [17, 18] . We mainly applied free margin PTFE sutures as free margin reinforcements for large fenestrations to prevent tearing of the cord, and 95% (26/28) of the patients who underwent this procedure underwent central plication on the same cusps, except the ones with no thickening of the nodule of Arantius. In the overall population, the technique showed a positive effect of the long-term valve durability with similar results in the subgroup with preoperative prolapsed cusp as well. These findings indicate that free margin reinforcement can provide long-term stability to distended and prolapsed cusps including those with large fenestrations.
Two of 18 patients showed patch dehiscence after patch repair. Both were bicuspids and the patches were used to repair the resected calcified raphe. In addition, 2 patients underwent 
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reoperations due to infection or other unknown reasons. The technique of patch repair was found to be a risk factor for recurrent AR in this study; however, the number of patients who underwent this technique was small and used for the various pathologies (large fenestration, perforation, etc.). Moreover, this technique is more complicated than central plication and free margin reinforcement, therefore, making it difficult to be considered as a standard technique for the correction of the pathologies. Despite the durability of each cusp repair technique, cusp prolapse, which was mainly corrected with central plication, was a risk factor for recurrent AR in this study. Central plication had no impact, free margin reinforcement had a positive impact, and patch repair had a negative impact. Our interpretation of the findings is as follows: patch techniques themselves carry a high potential of failure (suture dehiscence and patch degeneration); they also reflect the presence of severe cusp anomalies such as calcification, fibrosis, retraction and destruction. Central plication was found to have no significant impact on recurrent AR but it was performed in specific indications such as prolapsed cusp and to correct low-effective height after reimplantation. In other words, the analysis compares recurrent AR in a group that 'needed some plication' to a group that did not, and we know that results in the former group would have been worse without plication. Therefore, the impact (either positive or negative) of plication on the outcomes should be considered as beneficial but the technique was not able to completely neutralize the negative impact of the prolapse. In such retrospective studies, where plication is performed in most patients who already had prolapsed at the outset, there is no way to identify the benefits of plication in the absence of a control group. Resuspension was found to be protective against recurrent AR, probably because it has been used in prolapsing and non-prolapsing cusps (for 'cusp reinforcement'), and it was also mostly used in combination with plication, which may enhance the efficacy of the cusp repair technique.
There were 4 out of 13 patients, who underwent reoperation due to recurrent AR experienced retraction resulting in recurrent AR. Three of them had additional commissuroplasty with pericardial buttress after reimplantation to correct for residual AR. One patient presented with aortitis. AR in association with aortitis primarily develops not only as a result of annular dilation but also due to secondary aortic valve changes such as fibrous thickening, rolling, retraction and calcification. Aortic valve-sparing surgery is indicated only in selected patients without active inflammation of the aortic valve and wall [19] . The causes of retraction in the other patients in this study were unknown. Nevertheless, complicated manipulations could cause the degeneration and retraction of the cusps in these patients.
In patients with acute type A dissection, we could eliminated the entire dissected tissue in the aortic root in 16 (67%) patients, but 1 or 2 commissures were dissected and could not be eliminated in the remaining 8 patients. We applied buttress sutures and glue to fix the commissure. Five of 24 underwent reoperation in the follow-up period. The causes of failure in the patients included the following: dehiscence of the aortic wall due to tissue necrosis after use of gelatine-resorcin-formalin glue (n = 3); cusp prolapse due to tearing of the pre-existing cord of the fenestration (n = 1); infection (n = 1). Dehiscence of the dissected aortic wall was the major cause for late failure prompting us to abandon the use of gelatin-resorcin-formalin glue from 2009. The use of an ideal method for the reattachment of the dissected commissure wall would prove more beneficial for the patients.
Although some reports showed no benefits of valve-sparing root replacement over composite valve graft replacement [20, 21] , considering the adverse effects of anticoagulation following the use of a mechanical valve as well as the durability of bioprosthesis, the valve-sparing operation is still favourable, especially in the young population.
In the selected patients who did not require cusp repair, the reimplantation technique showed excellent long-term outcomes. But as shown in this study, the durability of this procedure in patients with severe AR caused by prolapsed cusp and requiring cusp repair is a major issue. Although preoperative cusp prolapse was a risk factor for recurrent AR, central plication, which contributes to the expanded indication for the procedure, had no negative impacts on valve durability. Conversely, free margin reinforcement had a positive effect on the durability of the valve. These findings may contribute to the outcomes in severe AR patients with cusp prolapse. Nevertheless, caution should be applied when using valve-sparing root replacement with cusp repair for retracted cusps. Schafers et al. have shown that morphologically repairable cusps must have a minimal cusp length, which is defined as a geometric height of 17 mm [22] . Hence, the collection of this data from the population is essential in order to conduct the study.
Compared with other published reimplantation series, this study had suboptimal long-term durability. The higher rate of recurrent AR was related to the fact that a higher proportion of patients had severe AR preoperatively and that the aortic root diameter was smaller than those in other published series. These implied that we have applied this operation to a higher proportion of patients with intrinsic cusp pathology in this study than that in the other reported series. Extensive cusp pathology, especially that requiring patch repair, may be unsuitable for this operation.
In conclusion, the David procedure showed suboptimal longterm results in the present study. Patients with preoperative cusp prolapse showed a higher incidence of recurrent AR. Free margin reinforcement combined with central plication would enhance cusp repair for a prolapsing cusp, whereas patch repair had a negative impact on valve durability.
Study limitations
This is a retrospective study conducted over a long period. Therefore, the technique and experience may have changed over time. Although all procedures had been performed by a single surgeon (Y.O.), there was a learning curve that may have affected the results. Thus, the results of this study may differ from those of future studies using the same procedures.
